In the present study, we report the synthesis and characterization of a low-temperature solution-processable monodispersed nickel cobaltite (NiCo2O4) nanoparticles via a combustion synthesis using tartaric acid as fuel and demonstrate its performance as hole transport layer (HTL) for Perovskite Solar Cells (PVSCs). NiCo2O4 is a p-type semiconductor consisting of environmentally friendly, abundant elements and higher conductivity compared to NiO. We show that the combustion synthesis of spinel NiCo2O4 using tartaric acid as fuel can be used to control the NPs size and provide smooth, compact and homogeneous functional HTLs processed by blade coating. Study of PVSCs with different NiCo2O4 thickness as HTL reveal a difference on hole extraction efficiency and for 15 nm optimized thickness enhanced hole carrier collection is achieved. As a result, p-i-n structure of PVSCs with 15 nm NiCo2O4 HTLs showed reliable performance and power conversion efficiency values in the range of 15.5 % with negligible hysteresis.
Introduction
Over the last few years, a great deal of effort has been made to improve photovoltaic performance based on organic-inorganic lead halide perovskites, which has been reported to exhibit power conversion efficiencies (PCE) over 20 %. [1] [2] [3] [4] [5] The use of organic-inorganic lead halide perovskites has attracted intense interest due to extraordinary characteristics such as high light absorption, [6] [7] [8] [9] enhanced charge transport properties, and direct band gap transition. For the fabrication of efficient perovskite solar cells, the so-called n-i-p architecture is the most common. [10] For the p-i-n-type perovskite solar cells, also called inverted architecture structure, poly (3,4- ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) is commonly used as a hole transport layer (HTL) and deposited first, followed by the perovskite layer and an n-type semiconductor film. PEDOT:PSS is an efficient and cost-effective HTL due to its facile processing, stable work function, and good electrical conductivity and transparency. [11] [12] [13] [14] [15] [16] On the other hand, the hydroscopicity and inhomogeneous electrical properties, limit its application as a HTL. [17, 18] Recently, p-type metal oxides and complexes, such as NiO, V2O5, CuO, CuSCN, CuPc and ZnPc [19] [20] [21] [22] [23] [24] [25] have been introduced into perovskite solar cells as a HTL. Inorganic p-type semiconductor materials have the advantages of improved hole selectivity and chemical stability,
showing promising prospects as HTLs in perovskite solar cells. [26, 27] Up to now, sol-gel method is the most commonly used technique for the fabrication of the p-type metal oxides. However, in order to achieve the required crystallinity, temperatures above 400 °C are usually required. The need for high temperature is increasing fabrication cost and limits their potential use for printed electronic applications. [28] Thus there is a demand for the development of metal oxides using preparation methods that require lower temperatures.
Among many processes for the synthesis of nanomaterial compounds, combustion synthesis emerges as an efficient alternative approach. The combustion synthesis, in principles, can be defined as a redox (reduction/oxidation) or electron transfer process, in which the fuel is oxidized (increase of the oxidation state) and the oxidizer is reduced (reduce of the oxidation state) in an exothermic reaction. [29] [30] [31] [32] Various types of combustion synthesis processes have been applied to obtain nanoparticles and they can be categorized according to the educts (gaseous, liquid or solid) and the process (e.g. combustion synthesis in the gas, solid or liquid phase, volume combustion synthesis, self-propagating high-temperature synthesis etc.). [33] [34] [35] .
The combustion technique appears to be versatile and effective for the synthesis of high crystallinity solution-processed metal oxides thin films using low temperature. [36] [37] [38] [39] Since it is an exothermic process, with a high heat release rate, the need for high temperatures is avoided and the production of high purity and homogeneous nanoparticles formation is simultaneously achieved. [40] [41] [42] For the production of metal oxides, liquid phase combustion synthesis has proven to be the most suitable, where usually metal salts (for instance nitrates) serve as oxidizers dissolved in saturated aqueous or alcoholic solutions in combination with organic fuels (e.g. urea, glycine, citric acid and others). [35, 43, 44 ] Upon heating gelation occurs and then combustion process starts resulting in the synthesis of the corresponding metal oxide. [33, 45] The combustion synthesis of metal oxides exhibits great advantages comparing to other nanoparticle synthesis methods; namely, simple experimental setup, reduced number of post-processing steps, formation of nanoparticles without agglomeration, high purity of materials and precise control of particle's size and crystallinity by adjusting the processing parameters. [30, 32, [46] [47] [48] [49] [50] In general, the reaction mechanism of the combustion is affected by many factors such as the type of fuel, fuel-to-oxidizer ratio, ignition temperature and the H2O content of the precursor blend. [33, 34, 51, 52] Nickel cobaltite (NiCo2O4) is a p-type transparent conductive oxide (TCO) semiconductor consisting of abundant and environmentally friendly elements (Co, Ni), with a relatively wide optical band gap (~2.1 -2.4 eV), deep-lying valence band (VB of 5.3 eV) that matches well with the VB of CH3NH3PbI3 perovskite semiconductor and a much better conductivity than NiO and Co3O4 (at least two orders of magnitude higher). [53 ] These characteristics render NiCo2O4 one of the most promising candidates for electronic applications. NiCo2O4 adopts a cubic spinel structure in which all the Ni ions occupy the octahedral sites and the Co ions are distributed between the tetrahedral and octahedral sites. [53] [54] [55] ] It possesses high physical and chemical stability which is a necessity for high performance electronic devices. These attractive features make NiCo2O4 an appropriate candidate material for introduction as hole transport layer in PVSCs to achieve high-performance photovoltaic devices. NiCo2O4 derivatives have been used previously in many other applications such as anodic oxygen evolution, [56] inorganic and organic electrosynthesis, [57] development of supercapacitors [53, 58] or infrared transparent conducting electrodes, sensors, optical limiters and switches, [59, 60] but before this publication not for any type of solar cells.
Up to now various low-temperature synthetic routes such as hydrothermal, coprecipitation, [61, 62] and thermal decomposition of the precursors such as hydroxide nitrates [63, 64] and hydrazine carboxylate hydrates, [65] have been developed for the synthesis of NiCo2O4. Moreover, nanostructured aggregates of NiCo2O4 have been synthesized by employing heterometallic alkoxide precursor in the presence of a supramolecular liquid. [66] However, the production of high purity and monodispersed nanoparticles with the above mentioned synthesis approaches has not been completely achieved.
In this work, we present a one-step synthesis of low-temperature solutionprocessable nickel cobaltite (NiCo2O4) via combustion chemistry proposing for the first-time tartaric acid as a fuel and nitrate as an oxidizer agent. NiCo2O4 nanoparticles (NPs) with an average size of ~4 nm and narrow particle-size distribution were prepared using a cost-effective, low-temperature combustion synthesis method calcinated at 250 
Results and Discussion
Combustion synthesis has been applied recently for the low-temperature fabrication of metal oxide thin films. [67] In general, solution combustion synthesis has the advantage of rapidly producing homogeneous metal oxide materials with fine grain size, and most significantly at much lower temperature compared with the conventional solid-state reaction processes and co-precipitation methods. The structural and morphological characteristics of the resulting materials closely depend on the type and amount of chemicals (fuel, oxidizing agent) used in the synthesis. [33, 45] Furthermore, the choice of the fuel regent for the combustion process has an essential role to avoid the formation of large clusters or/and large voids between the grains. [46] A fuel, i.e. the substance capable of acting as electrons acceptor, can significantly affect the properties of the final product, such as grain size, surface area, morphology, crystal phase, and degree and nature of particle agglomeration. [52, 55] In this work, tartaric acid was used as a fuel that is critically important to obtain uniform single-crystalline phase NiCo2O4 NPs. The advantage of using tartaric acid is related to the formation of heterometallic polynuclear complexes [68, 69] due to the presence of its carboxylate and hydroxyl groups in a proper orientation, where the binding metal ions (i.e., Ni 2+ and Co
3+
) come close together. [70] Ultimately, the formation of nickel cobaltite NPs is the consequence of decomposition of polynuclear complexes upon mild heating in the presence of concentrated HNO3. [71] 
Synthesis and Characterization NiCo2O4 Nanoparticles
It is well documented in the literature that thin metal oxide films can be obtained at temperatures lower than bulk-like powders via combustion synthesis because of the enhanced gas transport mechanisms and the easier out-diffusion of volatile products. [72] This means that thin films may decompose at low temperature and exhibit high sensitivity to any residual reactive gas present in the oven. [67, 73] For the combustion synthesis of NiCo2O4, metal precursors (Ni and Co nitrates) and tartaric acid (at a 1:2 molar ratio, respectively) were dissolved in 2-methoxyethanol 
Blade Coating Processed Thin Films of NiCo2O4 NPs
Thin films of NiCo2O4 NPs were produced on top of quartz and ITO substrates using the blade coating technique, applying the processing parameters as described in the Experimental section. (Figure 3a) , the surface roughness is about 2.7 nm, while the film fabricated on quartz substrate (Figure 3b ) exhibits an impressively smooth and compact topography of only 0.56 nm roughness. The development of a low roughness layer is a beneficial feature for the photovoltaic performance since it enables us to grow perovskite top layers with low roughness and enhanced homogeneity. Moreover, the dense NiCo2O4 NPs-based thin film exhibits an increase electrical conductivity up to 4 S/cm at room temperature, measured using fourpoint probe method. The PCE of devices with thinner NiCo2O4 layers was declined (not shown here)
exhibiting high leakage current due to not fully covered ITO. Figure S4 demonstrates the external quantum efficiency (EQE) measurements of the corresponding devices. It is noticed that for 15-nm-thick NiCo2O4 film the overall efficiency is increased comparing to thicker layers due to higher transmittance as well as to better charge extraction, as it will be shown below. All the devices show a declined performance at longer wavelength (600 -750 nm) which can be ascribe to the relatively thin perovskite layer (~250 nm) and to not optimized back contact interface (Perovskite/PC [70] BM/Al).
The impact of the NiCo2O4 layer thickness on the ITO/NiCo2O4-NPs/perovskite device performance was evaluated by photoluminescence (PL) spectroscopy (see PVSCs, where the second semicircle (feature at low frequencies) is been attributed to the recombination resistance (Rrec). [74, 75] As the NiCo2O4 film thickness is reduced the radius of the semicircle increases, which implies a higher resistance in the charge recombination, in agreement with the findings from PL measurements. Figure 6b presents the Mott-Schottky (M-S) plots of the devices when sweeping from higher to a lower voltage. The crossing of the curves at 1/C 2 = 0 is attributed to the flat band potential of the device, while the lower slope of the linear region is ascribed to the charge accumulation at the interfaces, which impedes an efficient extraction of the charge carriers. [76] The M-S slope for the thicker film is lower implying that this layer cannot extract fast enough the charge carriers, inducing their accumulation at the interface. This behavior causes a higher hysteresis, which in turn increase electron-hole recombination (due to high spatial density) and leads to the drop of the flat band potential. On contrary, the thinner layer seems to extract faster the charge carriers, increasing the flat band potential, and thus the Voc, as well as the FF of the corresponding device. The direct correlation of faster charge carriers extraction at thinner HTL layers with increased FF has been previously studied by M.Stolterfoht et.
al. [77] We also notice that the configuration of 15 nm NiCo2O4 thin layer is depleted faster than the other devices due to enhanced charge carrier extraction, which can also affirm the increase at the FF of the corresponding PVSC . The increased Jsc for the 15 nm NiCo2O4 layer can be ascribed to the higher transparency of the film (shown above) and thus higher photogeneration of electron-hole pairs as well as to the lower series resistance as shown in Table 1 . Importantly, improved performance reproducibility and reliability of the corresponding p-i-n perovskite solar cells, compare to our previously reported solvothermal synthesized CuO-HTL based perovskite solar cells [22] was demonstrated by applying combustion synthesized NiCo2O4 NPs as HTL. Specifically, as shown in Figure S5 the combustion synthesized NiCo2O4-HTL delivers a ~14.5 % average PCE (16 devices) with 15.5 % best performing device, while CuO-HTL based solar cells give a ~12.5 % average PCE (16 devices) with 15.3 % best performing device. [22] 
Conclusions
In conclusion, a low temperature combustion synthesis method, using for the first time a tartaric acid as a fuel, was successfully developed and applied for the fabrication of compact films of p-type NiCo2O4 NPs. The size of the NPs was fully controlled due to the usage of tartaric acid leading to the formation of monodispersed NiCo2O4 NPs with a diameter of ~4 nm. The combustion proceeds under low temperature (250 oC) and within a short reaction time (1 h), produce high quality, homogeneous NiCo2O4 NPs films with high electrical conductivity (~4 S.cm-1) and very low roughness (0.56 nm)
functional layers were fabricated. The detailed physicochemical characterization of the NiCo2O4 NPs using X-ray diffraction, EDS and electron microscopy measurements confirm the high purity, crystallinity and small grain composition of the NiCo2O4.
Furthermore, the proposed synthetic approach allowed the production of compact films using blade coating, which is a large-scale compatible technique appropriate for the development of printed electronic devices. The impact of NiCo2O4 HTL thicknesses on PVSCs characteristics were also investigated. The optimum thickness found to be 15 nm showing enhanced charge carrier collection and negligible J-V hysterics, compared to thicker films, delivering reliable p-i-n PVSCs with a PCE of 15.5 %. We believe that the proposed combustion synthesis method using a tartaric acid as a fuel can provide a route to produce highly reproducible metal oxides suitable for use in a range of advanced materials applications.
Experimental Section
Materials: Pre-patterned glass-ITO substrates (sheet resistance 4Ω/sq) were purchased from Psiotec Ltd, Pb(CH3CO2)2.3H2O from Alfa Aesar, MAI and MABr from Dyenamo Ltd, PC [70] BM from Solenne BV. All the other chemicals used in this study were purchased from sigma Aldrich. 
Synthesis of NiCo2O4 NPs films:
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